Introduction
Orthotopic liver transplantation (OLT) has become the standard of care for patients with end-stage liver disease or hepatic malignancies (1) . Ischemia-reperfusion injury (IRI), a leading cause of early allograft dysfunction (EAD) and failure, represents a major risk factor in the development of acute and chronic rejection and contributes to the shortage of donor organs (2) . However, despite obvious clinical importance, the mechanisms that account for liver IRI are not well understood, and new strategies to improve outcomes and expand the donor pool are warranted.
The gut microbiome, the reservoir of more than 100 trillion commensal microorganisms that exceeds the number of cells in the human body by 10-fold (3), contributes to inflammatory bowel disease (4), cardiovascular disease (5), obesity (6) , diabetes (7), and Parkinson disease (8) . Early exposure to germs was found to modify IR-triggered kidney damage and inflammation in mice (9) . More recent studies have also identified the microbiota as an environmental factor influencing survival of mouse skin and cardiac allografts (10, 11) , whereas relatively little is known about its role in OLT (12, 13) . Although 2 weeks of antibiotic (Abx) pretreatment of the "donor" influenced Kupffer cell function and ameliorated hepatic IRI in mouse OLT (14) , the clinical relevance of this strategy in cadaveric OLT is questionable. Others have shown that a 7-day regimen of Abx pretreatment in the "recipient" only attenuated hepatic damage in rat OLT (15) , but the underlying mechanisms remain unknown. As liver transplant patients routinely undergo prophylactic Abx treatment, whether prolonged Abx pretreatment is truly beneficial for OLT outcomes remains to be elucidated.
The endoplasmic reticulum (ER), the primary cellular organelle of protein synthesis, is highly sensitive to stress stimulation. Stressed ER is characterized by a reduced capacity to handle newly synthesized proteins, leading to the accumulation and aggregation of unfolded proteins in the ER lumen. As the principal organ of protein synthesis, liver ER stress involves various pathologies, including hepatic IRI (16) (17) (18) . The CCAAT/enhancer-binding protein homologous protein (CHOP), a transcription factor and ER stress marker, plays a central role in ER stress-induced apoptosis (19- Although modifications of gut microbiota with antibiotics (Abx) influence mouse skin and cardiac allografts, its role in orthotopic liver transplantation (OLT) remains unknown. We aimed to determine whether and how recipient Abx pretreatment may affect hepatic ischemia-reperfusion injury (IRI) and OLT outcomes. Mice (C57BL/6) with or without Abx treatment (10 days) were transplanted with allogeneic (BALB/c) cold-stored (18 hours) livers, followed by liver and blood sampling (6 hours). We divided 264 human OLT recipients on the basis of duration of pre-OLT Abx treatment into control (Abx-free/Abx <10 days; n = 108) and Abx treatment (Abx ≥10days; n = 156) groups; OLT biopsy (Bx) samples were collected 2 hours after OLT (n = 52). Abx in mice mitigated IRI-stressed OLT (IRI-OLT), decreased CCAAT/enhancer-binding protein homologous protein (CHOP) (endoplasmic reticulum [ER] stress), enhanced LC3B (autophagy), and inhibited inflammation, whereas it increased serum prostaglandin E2 (PGE2) and hepatic PGE2 receptor 4 (EP4) expression. PGE2 increased EP4, suppressed CHOP, and induced autophagosome formation in hepatocyte cultures in an EP4-dependent manner. An EP4 antagonist restored CHOP, suppressed LC3B, and recreated IRI-OLT. Remarkably, human recipients of Abx treatment plus OLT (Abx-OLT), despite severe pretransplantation clinical acuity, had higher EP4 and LC3B levels but lower CHOP levels, which coincided with improved hepatocellular function (serum aspartate aminotransferase/serum aspartate aminotransferase [sALT/sAST]) and a decreased incidence of early allograft dysfunction (EAD). Multivariate analysis identified "Abx-free/Abx <10 days" as a predictive factor of EAD. This study documents the benefits of Abx pretreatment in liver transplant recipients, identifies ER stress and autophagy regulation by the PGE2/EP4 axis as a homeostatic underpinning, and points to the microbiome as a therapeutic target in OLT.
Antibiotic pretreatment alleviates liver transplant damage in mice and humans Kojiro Nakamura, 1 Shoichi Kageyama, 1 Takahiro Ito, 1 Hirofumi Hirao, 1 Kentaro Kadono, 1 Antony Aziz, 1 Kenneth J. Dery, = 0.0003; Figure 1C) ; and suppressed frequency of TUNEL + cells per high-power field (HPF) (OLT = 64.0 ± 8.6 vs. OLT + Abx = 23.4 ± 3.0, P = 0.0002, Figure 1 , B and C) after 6 hours of reperfusion, as compared with control OLT mice. Thus, pretreatment of the recipient only for 10 days with Abx ameliorated liver IRI and alleviated hepatocellular death following OLT.
To determine whether gut microbiota composition may have influenced hepatocellular damage in IR-stressed OLT, we conducted a separate series of experiments in Abx-pretreated mice with or without adjunctive fecal microbiota transfer (FMT) (Supplemental Figure 1 ; supplemental material available online with this article; https://doi.org/10.1172/JCI127550DS1). Indeed, we found that FMT from untreated naive mice (C57BL/6) recreated hepatic IRI in Abx-pretreated, stress-resistant allo-OLT (C57BL/6), as evidenced by liver histology (Supplemental Figure 1A) ; a significantly higher frequency of TUNEL + cells/HPF (OLT + Abx = 15.2 ± 2.2 vs. OLT + Abx + FMT = 104.2 ± 2.8, P < 0.0001; Supplemental Figure  1 , B and E); sAST levels (OLT + Abx = 4274 ± 615 vs. OLT + Abx + FMT = 7485 ± 379 IU/L, P = 0.0062; Supplemental Figure 1C) ; and Suzuki's histological IRI grading (OLT + Abx = 2.9 ± 0.6 vs. OLT + Abx + FMT = 6.5 ± 0.3, P = 0.0001; Supplemental Figure 1D ). These results further support the notion that the gut microbiome may dictate the severity of IRI-stressed OLT (IRI-OLT).
Abx treatment decreases the proinflammatory immune phenotype in IR-stressed mouse OLT. Since the release of danger-associated molecular patterns (DAMPs), such as high-mobility group box 1 (HMGB1), from injured cells is the key event triggering a cascade of inflammatory cytokines and chemokines, which further exacerbate organ damage, we next aimed to evaluate the impact of recipient Abx treatment on the release of HMGB1 and innate immune responses. Six hours after reperfusion, OLT recipients pretreated with Abx showed lower serum HMGB1 levels ( Figure  1D ); a decreased frequency of CD68 + (macrophages) and Ly6G + (neutrophils) cells ( Figure 1 , E and F); lower serum MCP1 levels ( Figure 1D ); and suppressed levels of mRNA coding for CD68, Ly6G, MCP1, CXCL2, and CXCL10 ( Figure 1G ). Thus, preserved hepatocellular function after Abx therapy in recipient mouse ( Figure 1 , A-C) was accompanied by suppressed inflammation in IR-stressed OLT (Figure 1 , D-G).
Abx treatment increases serum PGE2 while enhancing hepatic EP4 expression after murine OLT. Since PGE2 was shown to hamper proinflammatory responses in various immune cells (36, 37) , we next focused on the Abx-PGE2 crosstalk in our experimental model system. Abx therapy enhanced the expression of COX2, a responsive enzyme for the production of PGE2 in the intestine ( Figure 2, A and B) . In naive mice, serum PGE2 metabolite (PGEM) levels were significantly higher in portal blood compared with levels in peripheral blood, whereas the Abx regimen further increased portal PGEM expression ( Figure 2C ). In parallel, Abx pretreatment enhanced PGEM levels in peripheral blood 6 hours after reperfusion in OLT as compared with levels in the control OLT group ( Figure 2C ). With four PGE2 receptors (EP1, EP2, EP3, and EP4) expressed in naive and ischemic livers, but only treatment with a selective EP4 agonist significantly reducing liver IRI (33), we focused here on PGE2/EP4 signaling. Indeed, addition of PGE2 increased mRNA ( Figure 2D ) and protein ( Figure 2E ) levels of EP4 in primary mouse hepatocyte cultures. Moreover, Abx ther-21), whereas CHOP-deficient mice were protected against warm IRI (22) . On the other hand, Abx-mediated gut microbiota modifications in a diet-induced chronic liver inflammation mouse model decreased ER stress markers, including CHOP expression (23) . However, it remains unknown whether and how Abx may regulate ER stress in OLT. Autophagy is an evolutionarily conserved intracellular self-digesting pathway responsible for maintaining energy homeostasis and removing long-lived or damaged organelles and proteins (24) . A growing body of evidence indicates a tissueprotective function of autophagy in various pathologic states such as aging, diabetes, and neurodegenerative diseases (25) , as well as in liver IRI (26) (27) (28) (29) . Meanwhile, the influence of the microbiome on hepatic autophagy in OLT is yet to be determined.
Prostaglandin E2 (PGE2) is a bioactive lipid that elicits a wide range of biological functions through 4 distinct G protein-coupled receptor subsets: prostaglandin E2 receptors 1-4 (EP1-EP4) (30) . Previous studies have demonstrated a cytoprotective function of extrinsic PGE2 in preclinical liver injury models (31, 32) . Although EP4 has been identified as a key binding partner in protection against warm liver IRI (33), the role of the PGE2/EP4 axis in hepatocyte ER stress and autophagy regulation in OLT has not been studied to date. On the other hand, the expression of COX2, a responsive enzyme for PGE2 production, is constitutively marginal in livers as compared with COX2-proficient organs such as cerebral cortex or the gastrointestinal tract (34) . Indeed, Abx-mediated microbiota alterations may increase gut-derived systemic PGE2 levels and contribute to disease physiology in remote organs (35) . Hence, we asked whether and how gut-derived PGE2 may be influenced by recipient microbiota after Abx treatment in OLT recipients.
This study documents the benefits of recipient Abx pretreatment and identifies a molecular crosstalk between gut-derived PGE2 and its response via hepatic EP4 signaling in IR-stressed OLT. In the experimental arm, we used a clinically relevant allogeneic mouse OLT model to show that recipient Abx pretreatment increased serum PGE2 levels, while decreasing ER stress, enhancing the autophagy pathway, and attenuating liver IRI in an EP4-dependent manner. In the clinical arm, liver transplant patients subjected to a prolonged Abx regimen prior to surgery had increased EP4 and lower CHOP levels, but higher LC3B levels, as well as improved hepatocellular function. Remarkably, despite parameters of severe clinical acuity before transplantation, our data identify extended Abx pretreatment as an independent predictor for averting EAD in OLT patients.
Results
Recipient Abx pretreatment attenuates, but adjunctive fecal microbiota transfer recreates, hepatic IRI in mouse allogeneic OLT. We first aimed to determine the influence of Abx treatment on IRI severity in a clinically relevant allogeneic mouse OLT model (BALB/c> C57BL/6) with ex vivo cold storage (4°C for 18 hours), which mimics marginal human liver grafts. Mouse OLT recipients pretreated for 10 days (14, 15) with oral Abx (amoxicillin, 50 mg/mL) showed decreased serum aspartate aminotransferase (sAST) levels (OLT = 7047 ± 1332 vs. OLT + Abx = 3609 ± 447 IU/L, P = 0.0317; Figure  1A) ; attenuated sinusoidal congestion, edema/vacuolization and hepatocellular necrosis ( Figure 1B) ; decreased Suzuki's histological grading of IRI (OLT = 6.8 ± 0.6 vs. OLT + Abx = 3.6 ± 0.5, P jci. (Figure 2 ) as well as EP4-dependant ER stress and autophagy regulation by PGE2 in hepatocyte cultures ( Figure 3 , A-C), we asked whether the PGE2/EP4 axis may contribute to OLT protection after Abx therapy. Six hours after reperfusion, Abx-conditioned OLT showed decreased CHOP, inhibited p-S6K (mTORC1 activity), and increased the levels of LC3B-I plus LC3B-II and LC3B-II, as determined by Western blotting ( Figure 3D ), whereas OLT IHC analysis consistently revealed enhanced LC3B expression in parenchymal cells ( Figure 3E ). In addition, supplementation of an EP4 antagonist (ONO-AE3-208) to the Abx regimen recreated hepatic IRI-OLT, i.e., it deteriorated liver architecture ( Figure 4A ), augmented Suzuki's histological scores ( Figure 4B ), enhanced the frequency of TUNEL + cells (Figure 4 , A and C), and increased sAST levels ( Figure 4D ), simultaneapy in recipients increased hepatic EP4 expression, as evidenced by Western blot and IHC analyses, with EP4 being expressed primarily by parenchymal cells in the periportal (zone 1) rather than the perivenous (zone 3) area (Figure 2 , F and G). These data indicate that Abx pretreatment increases gut-derived PGE2 and hepatic EP4 expression.
PGE2 decreases CHOP, suppresses mTORC1 activity, and enhances autophagy in mouse hepatocytes via EP4. We next aimed to determine the influence of PGE2 on hepatocyte ER stress and autophagy signaling pathways, with CHOP expression examined as an ER stress marker. As mTORC1 inhibition is essential to enhance the autophagy program (38) , phosphorylated S6K (p-S6K), a marker of mTORC1 activity, was also evaluated (39) . Addition of PGE2 to mouse primary hepatocyte cultures suppressed CHOP and p-S6K ( Figure 3A ) and enhanced LC3B aggregation, a marker of autophagosome formation for monitoring autophagy ( Figure 3C ). Moreover, addition of an EP4 antagonist (20 nM, ONO-AE3-208) restored CHOP and p-S6K expression and inhibited LC3B aggregation in PGE2-treated hepatocytes ( Figure 3 , B and C). Thus, divided into control (recipients of pre-OLT Abx-free or pre-OLT Abx <10 days, n = 24) and Abx treatment (recipients with pre-OLT Abx ≥10 days, n = 28) groups on the basis of the duration of pre-OLT Abx therapy, except for a routine preventive Abx regimen against surgical site infection (SSI) ( Figure 5A ). Clinical parameters for the recipients' and donors' OLT graft Bx samples (n = 52) are listed in Supplemental Tables 1 and 2 . The Abx-treated patient cohort was younger (P = 0.008) and had a higher rate of concomitant hepatocellular carcinoma (HCC) (control = 66.7% vs. Abx = 14.3%, P < 0.001), as well as a higher median model for end-stage liver disease (MELD) score (control = 15 vs. Abx = 37, median, P < 0.001), whereas there was no correlation between Abx grouping and donor/graft parameters. Western blot analyses revealed sigously with restored CHOP and p-S6K expression and suppressed expression of both LC3B-I plus LC3B-II and LC3B-II ( Figure 4E ). These results indicate that the PGE2/EP4 axis played a key role in ER stress and autophagy regulation and graft protection against IR stress following pretreatment of OLT recipients with Abx.
Human OLT recipients with extended Abx treatment exhibit higher levels of hepatic EP4 expression.
Having demonstrated the importance of hepatic EP4 signaling for mouse OLT protection after 10 days of Abx treatment, we next aimed to evaluate whether adjunctive Abx therapy may promote EP4 signaling in liver transplant patients. Postreperfusion hepatic biopsy (Bx) (2 hours after portal reperfusion) from 52 human OLT patients (October 2013-August 2015) were analyzed by Western blotting, with patients decreased CD68 (P = 0.1522) and cathepsin G (P = 0.1062) levels ( Figure 6D ). Despite higher MELD scores and comparable pretransplantation hepatocellular function (Supplemental Table  1 ), OLT recipients in the Abx treatment group had decreased liver enzyme levels (serum alanine aminotransferase [sALT]: P = 0.0218, sAST: P = 0.0474; Figure 6E ) and trended toward a lower incidence of EAD compared with the control group (control = 25.0% vs. Abx = 17.9%, P = 0.3853). Hence, consistent with our mouse data, human liver transplant patients subjected to prolonged Abx conditioning prior to surgery had enhanced hepatic EP4 signaling, suppressed ER stress but augmented autophagy pathways, and mitigated IRI-OLT. Extended Abx pretreatment decreases the incidence of EAD in human clinical OLT. In addition to 52 Bx samples ( Figure 5A ), OLT patients without Bx samples (n = 212) during the same recruitment nificantly higher EP4 expression in OLT Bx samples from the Abx treatment group as compared with expression levels in samples from the control group (P = 0.0218, Figure 5B ). Representative images of EP4 staining in Bx samples are shown in Figure 5C .
Abx pretreatment decreases CHOP and p-S6K, enhances LC3B expression, and mitigates IRI in human OLT. Recipients in the Abx treatment group had lower p-S6K (P = 0.0332) but increased LC3B-I plus LC3B-II (P = 0.0381) and LC3B-II (P = 0.0074) expression profiles, and CHOP expression after Abx therapy failed to reach statistical significance (P = 0.0563) between the 2 groups ( Figure 6, A and B) . Representative images of LC3B and TUNEL staining from Bx samples are shown in Figure 6C . Quantitative reverse transcription PCR (qRT-PCR) mRNA quantification of hepatic CD68 (macrophages) and cathepsin G (neutrophils) showed that the Abx-treated group trended toward Western blot detection and relative intensity ratios of CHOP and p-S6K. VCL expression served as an internal control and was used for normalization (n = 3/group). (B) Primary mouse hepatocytes were incubated with PGE2 (5 μM) for 60 minutes, and the EP4 antagonist (20 nM, ONO-AE3-208) was supplemented 15 minutes prior to PGE2 incubation in some cell cultures. Western blot detection and relative intensity ratios of CHOP and p-S6K with VCL normalization (n = 3/group). (C) Representative immunohistochemical images show detection of LC3B (red) in hepatocytes cultured with DMSO, PGE2, or PGE2 plus the EP4 antagonist (actin: green; DAPI: blue). n = 3. Original magnification, ×400. (D) BALB/c mouse livers subjected to 18 hours of cold storage were transplanted orthotopically into allogeneic C57BL/6 mice pretreated or not with Abx for 10 days, followed by OLT sampling 6 hours after reperfusion. Western blot detection of CHOP, p-S6K, and LC3B and relative quantifications with VCL normalization in OLT (n = 4/group). (E) Representative immunohistochemical detection of LC3B (green) in OLT, with or without recipient Abx pretreatment (DAPI: blue). n = 3. Original magnification, x400. Data indicate the mean ± SEM. *P < 0.05, Student's t test or 1-way ANOVA followed by Tukey's HSD test. jci.org
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period (October 2013-August 2015) were analyzed retrospectively, and a total of 264 cases of adult primary OLT were divided into control (n = 108) and Abx (n = 156) groups on the basis of equivalent criteria ( Figure 7A ). As shown in Table 1 , patients in the Abx-treated cohort were younger in age (P = 0.001), had a higher percentage of alcohol-related liver disease (P = 0.020), higher MELD scores (P < 0.001), a higher incidence of concomitant HCC (P < 0.001), and basiliximab adjunctive therapy (P < 0.001). In parallel, recipients in the Abx treatment group experienced more pre-OLT bloodstream infections (P < 0.001), significantly longer preoperative hospital and intensive care unit (ICU) stays, and required larger amounts of blood transfusions during the surgery (Supplemental Table 3 ). We observed no correlation between Abx grouping and recipient sex, race, height, BMI, disease history, ABO compatibility, serum AST and ALT levels before OLT, or type of Abx used during or after surgery (Table 1) . We also found no correlation between Abx grouping and donor/graft parameters, including age, sex, race, height, BMI, pretransplantation blood tests, warm/cold ischemia time, and donor Abx use or donation status (Supplemental Table 4 ). Remarkably, the Abx treatment plus OLT (Abx-OLT) patient cohort had decreased sALT levels from postoperative day 0 to postoperative day 10 (POD0 to POD10) ( Figure 7B ), suppressed sAST from POD0 to POD1 and POD7 to POD10 ( Figure 7B ), and a significantly lower incidence of EAD (21.8% vs. 32.4%, P = 0.0375; Figure 7C ), despite pretransplantation parameters of more severe clinical acuity (Table 1) . To determine whether Abx therapy represents an independent predictor of EAD in OLT, we conducted a multivariate analysis based on a step-wise logistic regression model by screening "pre-OLT Abx-free or Abx <10 days" simultaneously with donor Abx use; recipient age, sex, and BMI; MELD score; disease etiology; concomitant HCC; cold/warm ischemia time; blood transfusion amounts; donor age, sex, and BMI; donation after cardiac death (DCD); donor laboratory data (AST, ALT, total bilirubin [T-bil]); Abx treatment during surgery; as well as post-OLT Abx and basiliximab treatment. Of note, "pre-OLT Abx-free or Abx <10 days" was identified as one of the predictive factors of EAD (OR = 1.970, 95% CI: 1.093-3.552, P = 0.024), along with donor BMI (kg/m 2 , OR = 1.051, 95% CI: 1.001-1.104, P = 0.047) and cold ischemia time (minutes, OR = 1.004, 95% CI: 1.002-1.006, P < 0.001) ( Figure 7D ). The incidence of post-OLT SSI (ClavienDindo criteria grade ≥IIIb, control = 6.5% vs. Abx = 1.3%, P = 0.317) and bloodstream infections (control = 3.7% vs. Abx = 7.1%, P = 0.291) was comparable between the control and Abx groups (Supplemental Table 5 ), despite higher pretransplantation liver disease acuity in the latter group (Table 1 ). Extended rifaximin pretreatment prevents EAD in human clinical OLT. Up to this point, our translational studies have demonstrated benefits of recipient Abx pretreatment in a mouse liver transplant model and in human liver transplant patients. Keeping in mind the diverse clinical use of Abx, we identified rifaximin (RFX), an FDA-approved, minimally absorbed oral antimicrobial agent with broad activity within the gut, as the most frequently used Abx in our clinical cohort (Supplemental Figure 2) .
We elected to refine our assessment of the influence of Abx on clinical outcomes by focusing on selective RFX monotherapy in our patient cohort (n = 264; October 2013-August 2015). However, with only 118 subjects remaining after excluding recipients treated with Abx other than RFX prior to OLT (n = 146), we extended the observation period and analyzed the impact of pre-OLT Abx in 415 consecutive cases of OLT (January 2013-July 2016). Of these 415 patients, 235 recipients treated with Abx other than RFX prior to OLT were excluded, and the remaining 180 patients were classified into the control (pre-OLT Abx-free or pre-OLT RFX <10 days, n = 123) or RFX treatment (recipients with pre-OLT RFX ≥10 days, n = 57) group ( Figure 8A ). As shown in Table 2 , patients in the RFX group were younger in age (P = 0.029), had a higher BMI (P = 0.027), a higher MELD score (P < 0.001), a higher incidence of HCC (P < 0.001), and ampicillin-sulbactam use during the surgery (P < 0.001). Patients in the RFX group experienced longer preoperative hospital stays and required larger amounts of blood transfusions (Supplemental Table 6 ). There was no correlation between control/RFX grouping and recipient sex, race, height, disease history/etiology, ABO compatibility, sAST/sALT levels before OLT, post-OLT Abx treatment, or post-OLT basiliximab therapy (Table  2) . We also found no correlation between Abx grouping and donor/ graft parameters including age, sex, height, BMI, pretransplantation blood tests; warm/cold ischemia time, donor Abx use, or donation status, except for race (P = 0.008) (Supplemental Table  7 ). Notably, RFX-pretreated human recipients had decreased levels of sALT from POD0 to POD10, sAST from POD0 to POD8 and on POD10 (Figure 8B ), and a significantly lower incidence of EAD (15.8% vs. 30.1%, P = 0.029; Figure 8C ), despite pretransplantation parameters of more severe clinical acuity (Table 2) .
To determine whether RFX treatment is an independent predictor of EAD in liver transplant patients, we conducted multivariate analysis based on a step-wise logistic regression model by screening "pre-OLT Abx-free or RFX <10 days" simultaneously with donor Abx use; recipient age, sex, and BMI; MELD score; disease etiology; concomitant HCC; cold/warm ischemia time; blood transfusions; donor age, sex, BMI, and race; DCD; donor laboratory data (AST, ALT, T-bil); Abx use during surgery; as well as post-OLT Abx and basiliximab therapy. Notably, "pre-OLT Abx-free or RFX <10 days" was identified as one of the predictive factors of EAD (OR = 2.530, 95% CI: 1.031-6.210, P = 0.043), along with donor BMI (kg/m 2 , OR = 1.077, 95% CI: 1.009-1.150, P = 0.026); liver pathophysiology has emerged as an attractive research field, recent studies have documented putative associations between intestinal microbial characteristics and liver graft status in both animals (42) and humans (43) . The loss of intestinal microbiota diversity was accompanied by high Child-Pugh and MELD scores, as well as an increased incidence of rejection episodes and bloodstream infections in liver transplant patients. Indeed, the frequencies of Bacteroides, Enterobacteriaceae, Streptococcaceae, and Bifidobacteriaceae were increased, whereas those of Enterococcaceae, Lactobacillaceae, Clostridiaceae, Ruminococcaceae, and Peptostreptococcaceae were decreased in OLT patients experiencing acute rejection (43) . On the other hand, the potential of gut microbiota modifications to affect IRI pathology and underlying mechanisms remain largely unknown (44) . Here, by encompassing mouse and human OLT, our translational study identifies the therapeutic potential of pretransplantation microbiome alterations to affect the liver transplant fate by mitigating peritransplantation IR stress via the PGE2/EP4 axis.
In the experimental arm, we document that 10-day recipientonly Abx pretreatment conferred IRI protection in a clinically relevant mouse model of liver allotransplantation. This was evidenced cold ischemia time (minutes, OR = 1.004, 95% CI: 1.001-1.007, P = 0.014); donor age (years, OR = 1.043, 95% CI: 1.016-1.071, P = 0.002); and DCD (OR = 12.697, 95% CI: 2.631-61.262, P = 0.002) ( Figure 8D ). The incidences of post-OLT SSI (Clavien-Dindo criteria grade ≥IIIb, control = 4.1% vs. Abx = 3.5%, P > 0.999) and post-OLT bloodstream infections (control = 4.9% vs. Abx = 1.8%, P = 0.434) were comparable between the control and RFX groups (Supplemental Table 8 ), despite higher pretransplantation liver disease acuity in the latter group (Table 2) .
Discussion
Recent research is deepening our understanding of microbiota, an ecosystem of bacteria, archaea, protists, fungi, and viruses in the human gut, as not just an idle bystander but an interconnected and active player in human health and disease. Indeed, compositional changes in the intestinal microbiota, such as dysbiosis, mechanistically contribute to hepatic carbohydrate and lipid metabolism and influence the balance between pro-and antiinflammatory effectors, thereby affecting nonalcoholic fatty liver disease (NAFLD) and its progression to nonalcoholic steatohepatitis (NASH) (40, 41) . As the contribution of the gut microbiome in Figure 6 . Abx treatment is associated with decreased CHOP and p-S6K, increased LC3B, and lower serum liver enzyme levels (POD1) in OLT recipients. Human OLT Bx samples collected 2 hours after reperfusion (n = 52) were classified into control (recipients with pre-OLT Abx <10 days or without Abx; n = 24) and Abx treatment (recipients with pre-OLT Abx ≥10 days; n= 28) groups (see also Figure 5A IR-stressed OLT. We are aware that some differences between the control and Abx-treated groups failed to reach statistical significance (CHOP, CD68, cathepsin G), probably because of the limited number of Bx samples as well as the divergent genetic and environmental backgrounds of human subjects. In our ongoing experiments, Abx treatment decreased CHOP and enhanced the autophagy pathway in naive mouse livers (our unpublished observations), suggesting that Abx donor pretreatment may enhance hepatoprotective signaling, consistent with the findings of Corbitt et al., who reported that Abx donor treatment alleviated liver transplant injury (14) . However, this strategy is unlikely to be feasible for clinical cadaveric OLT. We observed no significant differences in donor Abx use (Supplemental Tables 4 and 7) and found no association between donor Abx treatment and EAD. Of note, the United Network for Organ Sharing (UNOS) database has its limitations, as unknown timing, duration, and regimen of Abx use in the donor does not necessarily mean that liver donors were free of adjunctive Abx therapy. In the extended clinical evaluation of 264 cases, OLT recipients with prolonged (≥10 days) Abx pretreatment had a significantly higher pretransplantation "true" MELD score and a lonby suppression of histopathological tissue injury, decreased release of sAST, and modulation of hepatocellular death, accompanied by suppressed HMGB1 release, inhibited leukocyte trafficking, decreased proinflammatory gene programs (Figure 1) , as well as suppressed CHOP and increased LC3B expression (Figure 3) . Furthermore, gene and protein profiling in our in vitro and in vivo experiments identified the gut-derived PGE2/hepatocyte EP4 signaling axis as a key mechanism in ER stress and autophagy regulation and liver protection (Figures 2-4) . Although our study lacks data on the composition of gut microbiota per se, we found, strikingly, that repopulation of Abx-pretreated mouse recipients of FMT from untreated naive donors recreated the cardinal features of hepatic IRI in otherwise stress-resistant OLT, confirming the pathogenic role of the gut microbiome in this model (Supplemental Figure 1) .
In the initial clinical arm (n = 52), Abx-pretreated human OLT recipients trended toward a phenotype of increased EP4, lower CHOP, higher LC3B, decreased CD68 (macrophage), and suppressed cathepsin G (neutrophil), as well as decreased sALT/sAST levels and a lower incidence of EAD (Figures 5 and 6 ). Hence, this study highlights previously unappreciated benefits and mechanisms of Abx treatment in preserving hepatocellular function in Table 1 ). Indeed, as shown in Figure 7D , we identified "pre-OLT Abx-free or Abx <10 days" as one of the independent predictors of EAD (OR = 1.970), together with well-established prognostic factors, i.e., donor BMI (OR = 1.051) and cold ischemia time (OR = 1.004). We acknowledge the limitation of this study, as hepatocellular function was assessed relatively early after transplantation, whereas the evolution of IRI at the cellular, tissue, and immunological levels continues, and the long-term clinical outcomes will require assessment. However, by integrating mouse and human data, our study clearly underscores the benefits of extended recipient Abx pretreatment in OLT recipients.
Since pre-OLT Abx may have influenced decision making regarding the subsequent Abx regimen, we next examined the type of Abx used during and for 7 days after surgery (Table 1) . We found no significant differences between the 2 groups, whereas the multivariate analysis excluded those factors from the independent predictors of EAD ( Figure 7D ), confirming the importance of pre-OLT Abx to prevent EAD. On the other hand, basiliximab was more frequently used in the Abx-OLT patient group, probably because of a concomitant decline in their renal function. However, multivariate analysis failed to identify basiliximab as an independent factor of EAD, indicating that the predictive power of "pre-OLT Abx ≥10 days" to avert EAD was probably not influenced by adjunctive basiliximab therapy.
Unlike in humans, experimental rodents housed in the same facility have relatively equivalent microbiota. However, because of a wide discrepancy between mouse and human microbiota composition, we acknowledge the need for future integrated studies that will identify the microbiome-Abx interplay, which may be decisive in the OLT outcome. We are also aware that the emergence of drug-resistant bacteria and economic efficiency are discouraging Abx overuse and that evaluation of appropriate Abx regimens (dose, route, length, etc.) and complementary gut microbiome alteration strategies (prebiotics, probiotics, microbiota transplantation, etc.) await future studies.
RFX is a minimally absorbed oral antimicrobial agent that has broad-spectrum activity against both aerobic and anaerobic gram-positive and gram-negative microorganisms within the gut, with a low risk of inducing bacterial resistance (48) . First approved in the United States in 2004, RFX is now widely used for the treatment of hepatic encephalopathy (49) , improving survival and reducing the risk of hospitalization and portal hypertension (50) . Among patients awaiting OLT, those with a history of hepatic encephalopager hospital and ICU stay and required more blood transfusions during the surgery, all associated with the highest-acuity patients compared with controls (Table 1 and Supplemental Table 3 ). This is not totally unexpected, as Abx are often used to treat concomitant infections or encephalopathy, whereas the occurrence of infection or encephalopathy in a patient on the transplant waiting list increases the MELD score (45) (46) (47) . However, it is remarkable that despite pretransplantation parameters of severe acuity, the patient cohort with extended Abx pretreatment showed superior postoperative hepatocellular function ( Figure 7 , B and C), consistent with our mouse OLT data (Figure 1 ). In addition, considering that our group classification in the human study (control vs. Abx) ( Figure 7A ) was biased in terms of recipient preoperative variables (Table 1) , we conducted a multivariate analysis to estimate the independent influence of pre-OLT Abx on EAD by simultaneously screening putative prognostic factors and the biased recipient ure 2G and ref. 33) , little is known about the hepatocyte PGE2/ EP4 axis. In our current in vitro study, we found that exogenous PGE2 inhibited CHOP and mTORC1, while enhancing the autophagy pathway via EP4 signaling (Figure 3 , A-C). In parallel, the EP4 antagonist restored CHOP and p-S6K, decreased LC3B, and recreated IRI in otherwise stress-resistant, Abx-pretreated OLT recipients. Meanwhile, the influence of PGE2 on mTORC1 and cellular autophagy seems to be tissue specific (53-56), whereas the mechanism by which the PGE2/EP4 axis regulates hepatocyte ER stress and mTORC1 activation remains unknown. Consistent with a previous study (57), we found that treatment with PGE2 caused phosphorylation of AMPK in hepatocytes (our unpublished data), while AMPK is known to suppress mTORC1 activation as well as decrease the ER stress response (58, 59) . Hence, AMPK may be a key molecule regulating hepatocyte ER stress and autophagy. On the other hand, knockdown of CHOP enhanced autophagy in Hepa 1-6 cells (60), whereas CHOP deficiency augmented autophagy in IR-stressed hepatocytes and livers (our unpublished observations). Thus, decreased CHOP signaling under the control of the PGE2/ EP4 axis may enhance autophagic signaling and function.
thy are treated with RFX, and a protective effect of RFX was reported in post-OLT infection, without increasing multidrug-resistant bacterial infections (51, 52) . As the principal Abx was applied for prolonged periods in our study (Supplemental Figure 2) , we then focused on the influence of RFX monotherapy on OLT clinical outcomes. Indeed, the "pre-OLT RFX ≥10 days" regimen was associated with suppressed post-OLT liver enzyme levels ( Figure 8B ) and a decreased incidence of EAD ( Figure 8C ), whereas multivariate analysis identified "pre-OLT RFX ≥10 days" as one of the predictors to avert EAD (OR = 2.530) ( Figure 8D ). By excluding recipients treated with Abx other than RFX ( Figure 8A ), our findings further support the notion that RFX-mediated microbiota modifications may prove clinically beneficial. However, given the conflicting data on the effects of gut Abx regimens in modifying transplantation outcomes, future randomized, controlled clinical trials with larger patient cohorts studied over longer periods are needed to establish the efficacy of RFX in targeting post-OLT IRI and EAD in humans. Despite the hepatoprotective roles of PGE2 signaling in a mouse warm liver IRI model (33) as well as of its EP4 binding partner expressed primarily by IR-stressed hepatocytes (FigFigure 8 . OLT recipients with prolonged RFX therapy (≥10 days) experience less EAD. (A) Primary OLT recipients (n = 415; January 2013-July 2016) were screened for the type of pre-OLT Abx regimen. After 235 recipients treated with Abx other than RFX prior to OLT were excluded, the remaining 180 OLT patients were classified into control (pre-OLT Abx-free or pre-OLT RFX <10 days, n = 123) and RFX treatment (recipients with pre-OLT RFX ≥10 days, n = 57) groups. (B) sALT and sAST levels from POD0 to POD10. Data indicate the mean ± SEM. PGE2 retained the ability to limit inflammatory cell activation (36, 37) , increased PGE2 expression in our study might have acted to suppress the immune inflammation response. Indeed, given that some EP4-positive nonparenchymal cells were found in IR-stressed livers ( Figure 2G) , further studies will be needed to determine the significance of the PGE2/EP4 axis. Third, with this study, we have started to identify intestinal microbial products capable of affecting hepatic IR stress and its sensors in OLT. The question remains whether hepatic cells are directly targeted by such microbial products or whether they are poised for targeting by shifts in bacterial composition, intestinal bacterial translocation, and/or signals elicited by intermediary cells in the gut/liver axis. We acknowledge the obvious disparity between the clinical OLT setting and the murine OLT model, as the human recipients were severely diseased, whereas the inbred mice were free of pre-OLT stresses. Nevertheless, our bench-to-bedside study provides evidence that recipient Abx pretreatment modulates hepatocyte ER stress and autophagy pathways by PGE2/EP4 signaling, with resultant OLT resistance against IR damage. The gut microbiome modification by a nonabsorbed Abx (vancomycin) in high-fat diet-fed mice depressed hepatic ER stress markers, including CHOP (23) . Likewise, recipient Abx pretreatment (amoxicillin) modulated EP4/CHOP/p-S6K signaling in our mouse OLT study. These results indicate that putative microbiome alterations, rather than a direct Abx-liver crosstalk, are crucial for hepatic EP4/CHOP/p-S6K platforms. In addition, the gastrointestinal tract is one of the body's organs with abundant expression of COX2 (34) , portal blood contains higher amounts of PGE2 as compared with peripheral blood in the steady state ( Figure 2C ), and EP4 is mainly expressed by parenchymal cells in periportal areas of IR-stressed liver ( Figure 2G and ref. 33) , all supporting the notion that the gut might be decisive for systemic PGE2 effects. Indeed, Abx-mediated gut microbiota alterations were shown to increase PGE2 levels not only in peripheral blood but also in bronchoalveolar lavage, resulting in M2 macrophage polarization in the lungs (35) . Interestingly, enhanced PGE2 levels after prolonged Abx treatment was accompanied by overgrowth of a colonized fungal Candida species in the gut (without causing systemic candidemia). However, adjunctive antifungal agent administration to Abx-treated mice diminished serum PGE2 levels (35), whereas Candida not only produced PGE2 but also promoted PGE2 production from host cells (64, 65) . Given that Candida infections are not uncommon in OLT (66) and that the role of colonized gastrointestinal fungi in transplantation remains poorly Although EP4 antagonism diminished cytoprotective features (inhibition of ER stress, enhancement of autophagy) in our in vitro (hepatocyte cultures) and in vivo (IR-stressed OLT) studies, we acknowledge that the recipient Abx regimen might indirectly protect hepatocytes by inhibiting proinflammatory responses. First, in the pathophysiology of liver IRI, the innate immune system is stimulated by donor-derived DAMPs released by damaged liver cells, as well as by pathogen-associated molecular patterns (PAMPs) from the recipient's gut microbiome. In this context, pretreatment with polymyxin B suppressed portal endotoxin after reperfusion and alleviated IRI in rat OLT (15) . Thus, recipient Abx pretreatment might limit hepatic inflammation, at least in part, by suppressing the endotoxin function. However, despite increased endotoxin levels after reperfusion in both animal and human OLT settings (15, 61) , the efficacy of endotoxin-targeted therapy remains controversial (62, 63) . Second, since ginal" human OLT, donor livers (BALB/c) stored in UW solution at 4°C for 18 hours were transplanted into allogeneic (C57BL/6) mice. Recipient mice in the Abx-treated group were conditioned with amoxicillin (50 mg/mL in the drinking water; Virbac AH Inc.) for 10 days prior to transplantation (14, 15) . Some Abx-pretreated OLT recipients were given a selective EP4 antagonist (5 mg/kg; ONO-AE3-208, R&D Systems) by forced oral gavage at the time of and 3 hours after reperfusion. Liver graft and serum samples were collected after 6 hours of reperfusion, the peak of hepatocellular damage in this model. The sham group underwent the same procedures except for OLT. Stool collection and FMT in OLT recipients. Stools collected from untreated naive C57BL/6 mice were weighed and homogenized in PBS (200 mg/mL). For FMT experiments, recipient C57BL/6 mice fed amoxicillin (50 mg/mL in the drinking water) on days -11 to -1 were then conditioned with or without FMT (200 μl at 200 mg/mL) on days -1 and 0 by forced gavage prior to BALB/c liver transplantation surgery, as described previously (11) .
Hepatocellular function assay. sAST levels were measured with Infinity AST Liquid Stable Reagent (Thermo Fisher Scientific) and validated with Validate GC3 (Maine Standards Company).
OLT histology and IRI grading. Formalin-fixed, paraffin-embedded liver sections (5-μm-thick) were stained with H&E. The severity of IRI was graded using Suzuki's criteria (69) .
TUNEL assay. Cell death in formalin-fixed, paraffin-embedded liver sections (5 μm) was detected using an Apop Tag Plus Peroxidase in Situ Apoptosis Kit (MilliporeSigma). Results were scored semiquantitatively by counting the number of positive cells in 10 HPF/section in a blinded manner.
ELISA. Serum concentrations of HMGB1 (MyBioSource), MCP1 (Thermo Fisher Scientific), and PGEM (Cayman Chemical) were measured with an ELISA kit according to the manufacturer's protocol.
Hepatocyte isolation and cultures. Primary mouse hepatocytes, isolated by a 2-stage collagenase perfusion method (21) , were incubated with DMSO or PGE2 (5 μM, R&D Systems) for up to 60 minutes. In some experiments, an EP4 antagonist (20 nM, ONO-AE3-208) was supplemented 15 minutes prior to the PGE2 incubation.
Western blot analysis. Proteins were extracted from tissue and cell samples and their concentration measured using a BCA Protein Assay Kit (Thermo Fisher Scientific). Equal amounts of protein were electrophoresed, blotted, incubated with a primary Ab, a secondary HRP-conjugated Ab, and developed. Primary Abs detecting COX2 (catalog 12282, clone D5H5), mouse CHOP (catalog 5554, clone D46F1), human CHOP (catalog 2895, clone L63F7), p-S6K (catalog 9234, clone Thr389, 108D2), LC3B (catalog 3868, clone D11), vinculin (VCL) (catalog 18799, clone E1E9V), β-actin (catalog 12620, clone D6A8) (all from Cell Signaling Technology), and EP4 (catalog 24895-1-AP; Proteintech) were used. To compare target protein expression levels in multiple human OLT samples, densitometric quantification was performed, as reported previously (70, 71) . Briefly, in a preliminary study, one of the Bx samples expressing all target proteins was chosen and assigned as a control sample. Equal amounts of protein lysate from each sample were applied to each well and gel, and the target band intensity was expressed as the band intensity relative to that of the positive control in the same gel. The target relative protein value was further normalized according to β-actin intensity.
qRT-PCR analysis. RNA extracted with an RNAse Mini Kit (QIA-GEN) was reverse transcribed into cDNA. qRT-PCR was performed understood, future studies on the broad spectrum of the microbiome are warranted.
In conclusion, our translational study documents the hepatoprotective function of Abx recipient pretreatment and identifies crosstalk between PGE2-EP4 and ER stress and autophagy molecular platforms as the underlying homeostatic defense mechanism against IR stress in mouse and human OLT. This study provides evidence that the gut microbiome not only contributes to IRI pathophysiology but may also represent a potential target for therapeutic intervention to improve liver transplant outcomes.
Methods
Clinical liver transplant study. Using a database of prospectively collected data, we performed a retrospective analysis of adult patients (age ≥ 18 years) who underwent OLT at UCLA, from October 2013 through August 2015 (n = 264). Patients who underwent retransplantation were excluded from the study. Routine pre-OLT prophylactic Abx (neomycin and erythromycin [1 g, 4 times, once per hour], ampicillin-sulbactam [3 g, once], on the day before or day of OLT) were administered, as specified by UCLA liver transplant protocols. We routinely use tripleimmunosuppresive therapy (tacrolimus, mycophenolate, and a steroid) according to our institutional protocol, whereas basiliximab is sometimes administrated early after OLT to patients with reduced renal function. The patients were divided on the basis of the duration of their pre-OLT Abx treatment (except for preventive Abx, per the protocol) into the following recipient treatment groups: control (Abx-free or Abx < 10 days; n = 108) and Abx (Abx ≥ 10 days; n = 156). The MELD score was used to assess the severity of liver disease ("true" MELD score). In the follow-up RFX study, 415 consecutive OLT patients (January 2013-July 2016) were screened for the Abx regimen. Recipients treated with Abx other than RFX prior to OLT (n = 235) were excluded, while the remaining 180 patients were classified into the control (pre-OLT Abxfree or pre-OLT RFX <10 days, n = 123) or RFX (recipients with pre-OLT RFX ≥10 days, n = 57) treatment group. Donor livers, procured using standardized techniques after brain or cardiac death, were perfused with and stored in University of Wisconsin (UW) solution (Niaspan, Bristol-Meyers Squibb). Cold ischemia time was defined as the time from perfusion of the donor liver with UW solution to its removal from cold storage for implantation. Warm ischemia time was defined as the time from removal from cold storage to establishment of liver graft reperfusion. Recipients' blood was collected prior to the transplantation procedure and on POD0 through POD10 (the POD0 sample was collected at the time of ICU arrival). Hepatocellular function was evaluated by sALT and sAST. EAD was defined by the presence of 1 or more of the following: bilirubin level of 10 mg/dL or higher on POD7, prothrombin time (PT) and international normalized ratio (INR) of 1.6 or higher on POD7, or sAST and sALT levels above 2000 U/L within the first 7 days. Protocol TruCut needle Bx samples were obtained from liver transplant patients (n = 52) approximately 2 hours after portal reperfusion (prior to the abdominal closure) and analyzed by Western blotting and RT-PCR.
Animals. Six-to eight-week-old C57BL/6 and BALB/c mice were used (The Jackson Laboratory). The animals were housed in the UCLA animal facility under specific pathogen-free conditions.
Mouse allogeneic orthotopic liver transplantation. We used a wellestablished mouse model of ex vivo hepatic cold storage followed by OLT, as described previously by our group (67, 68) . To mimic "mar-using QuantStudio 3 (Applied Biosystems). The primer sequences are listed in Supplemental Table 9 . Expression of the target gene was normalized to that of the housekeeping HPRT, TBP, or GAPDH gene.
Immunofluorescence. Mouse liver samples were stained with rabbit anti-CD68 Ab (Abcam), rat anti-Ly6G Ab (BD Biosciences), rabbit anti-EP4 Ab, and rabbit anti-LC3B Ab. Mouse intestine samples were stained with rabbit anti-COX2 Ab. Mouse hepatocytes were stained using rabbit anti-LC3B Ab. Human liver samples were stained with rabbit anti-EP4 Ab and rabbit anti-LC3B Ab. Signals Statistics. For mouse experiments, comparisons between 2 groups or multiple groups were assessed using a 2-tailed Student's t test or a 1-way ANOVA followed by Tukey's honestly significant difference (HSD) test, respectively. For human data, continuous values were analyzed by Mann-Whitney U test and categorical variables by Fisher's exact test. Multivariate analysis based on a step-wise logistic regression model was used to identify independent predictive factors of EAD. P values of less than 0.05 were considered statistically significant. JMP for Windows 8.0 (SAS Institute) was used for statistical analyses.
Study approval. All human studies were approved by the IRB of UCLA (protocols 13-000143 and 18-000216), and written informed consent was received from all participants prior to their inclusion in the study. All mouse experiments were approved by the UCLA Animal Research
